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Abstract Ag/SBA-15 catalysts have been prepared by

means of in situ reduction methods using hexamethylenetet-

ramine and formaldehyde as reducing agents, respectively,

and characterized by N2 adsorption/desorption, XRD, TEM

and XPS. Presence of nanoparticles of silver in SBA-15 were

confirmed by high angle X-ray diffraction data (peaks

between 2h = 35–808) and XPS, and transmission electron

microscopy confirmed the diameter of the nanoparticles.

When hexamethylenetetramine was used as reducing agent,

uniform Ag nanoparticles inside the channels were formed,

and diameter of nanoparticles is found to be *6.0 nm which

is coincident with channel diameter of SBA-15. The catalysts

were subjected to CO oxidation in a flow reactor at atmo-

spheric pressure and temperatures up to 300 �C. Studies

revealed that catalysts prepared with different reducing agents

strongly influence their catalytic performance in the CO oxi-

dation, what prepared with hexamethylenetetramine as mild

reducing reagent shows a certain low temperature catalytic

activity.

Keywords Ag/SBA-15 catalysts � CO oxidation �
Silver nanoparticles � In situ reduction

1 Introduction

The low-temperature catalytic oxidation of CO has become

an important research topic over the years due to its many

potential application fields [1, 2]. Precious metal catalysts,

such as Au-based catalysts [3–7], have been widely studied

and show high catalytic activities for CO oxidation.

Comparatively, much less information is currently avail-

able on the performance of Ag-based catalysts in the same

reaction [8–10]. Also, it seems that little attention has been

devoted to the CO oxidation over mesoporous silica sup-

ported Ag nanoparticles [11]. According to their narrow

pore size distribution, high specific surface area and large

pore volume, SBA-15 mesoporous silica materials are a

promising candidate for catalyst support. Moreover, SBA-

15 possesses a high specific surface area (600–1,000 m2/g)

and consists of a hexagonal array of uniform tubular

channels with tunable pore diameter in the range of

5–30 nm. SBA-15 is therefore one of the most attractive

silica host-material for metal or metal oxide nanoparticles.

Up to date, there was certain success with the formation

of mesoporous silica supported silver nanoparticles or

nanowires by using the different reduction methods

[11–16], however, to the best of our knowledge, hexa-

methylenetetramine (HMTA) was used as mild and

effective reducing agent for preparation mesoporous silica

supported silver nanoparticles hasn’t been reported. As

reported previously [17–19], at elevated temperature,

HMTA can be hydrolyzed in aqueous solution and slowly

generate ammonium hydroxide and formaldehyde, as a

result, metal nanoparticles can be prepared via reduction of
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metal precursor salt with in situ slowly generating form-

aldehyde [18].

The present work aims at preparing active Ag/SBA-15

catalyst for CO oxidation via in situ reduction method

using HMTA as mild and efficient reducing agent. The

catalytic performance of this material was compared with

Ag/SBA-15 catalyst prepared by in situ reduction using

formaldehyde as reducing agent. It will be demonstrated

that the former exhibits initially catalytic activity for CO

oxidation at slightly above room temperature.

2 Experimental

2.1 Catalyst Preparation

Supported Ag/SBA-15 catalysts were synthesized via in

situ reduction methods by using HMTA and formaldehyde

as reducing agent, respectively. When HMTA was used as

reducing agent, Ag/SBA-15(H) was prepared as follows:

1 g triblock copolymer pluronic P123 was dissolved in

30 mL water to get a clear solution. Thereafter, 3 g nitric

acid was added, and the solution was stirred at 35 �C for

1 h. Then, 0.125 g AgNO3 and 0.35 g HMTA were added,

and the resulting mixture was stirred for another 3 h at

35 �C while darkening. After 2.13 g TEOS was added and

continuously stirred at 35 �C for 20 h while darkening, the

mixture was crystallized at 100 �C for 48 h under static

and darkening conditions. The resulting solid was filtered,

washed several times with water and ethanol, and then

dried 10 h at 50 �C under vacuum condition. The molar gel

composition was 1TEOS/163H2O/3.2HNO3/0.017P123/

0.072AgNO3/0.24HMTA. Finally, the solid was calcined

in air at 550 �C (heating rate 2 �C/min) for 5 h. When

formaldehyde was used as reducing agent, Ag/SBA-15(F)

with an equimolar gel composition was prepared following

the same procedure. The molar gel composition for Ag/

SBA-15(F) was 1TEOS/163H2O/3.2HNO3/0.017P123/0.072Ag

NO3/0.24 formaldehyde. For comparison, pure siliceous SBA-15

was also synthesized according to literature [20].

2.2 Catalyst Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on

a Philips X’Pert PRO SUPER diffractometer operating with

nickel-filtered Cu-Ka radiation. X-ray photoeletron spec-

troscopy (XPS) measurements were performed on a

ESCALAB 250 high performance electron spectrometer

using monochromatized Al Ka excitation source (hm =

1486.6 eV).Transmission electron micrographs (TEM)

were taken on a JEOL-2010 electron microscope operating

at 200 kV, and sizes of the Ag nanoparticles were estimated

from the TEM images. N2 adsorption/desorption isotherms

were obtained at -196 �C on an Omnisorp 100CX instru-

ment. The pore size distributions were determined from the

desorption branch of the isotherms with the Barrett–Joyner–

Halenda (BJH) method, and the specific surface area values

were calculated using the BET model. The amounts of Ag

loaded in mesoporous silicas were determined by Atomscan

Advantage inductively coupled high frequency plasma

atomic emission spectrometry (ICP-AES).

2.3 Catalytic Activity Measurements

The catalytic activity and stability of the SBA-15 supported

nanosilver catalysts in CO oxidation were evaluated on a

small fixed-bed microreactor operating under atmospheric

pressure and an online GC using 50 mg sample. The flow

rate of the feed gas was 30 mL/min. The analysis of the

effluent gas was tested with an online FuLi9790 model gas

chromatograph equipped with a Molecular Sieve 3 Å col-

umn and a thermal conductivity detector (TCD). The

catalysts were directly exposed to reaction gas containing

2.5% (v/v) CO, 10% (v/v) O2, and 87.5% (v/v) N2. The

conversion of CO was calculated from the change in CO

concentration in the inlet and outlet gases.

3 Results and Discussion

Figure 1 shows low angle X-ray diffraction patterns of

calcined SBA-15, Ag/SBA-15(H) and Ag/SBA-15(F). The

peak appearing at the low angle of 2h & 1� corresponds to

(100) plane of SBA-15, indicating an ordered pore struc-

ture which can be attributed to two dimensional hexagonal

lattice of SBA-15 [20]. All three samples also show well-

resolved (110) and (200) diffraction peaks, indicating no

substantial changes after the modification with Ag. How-

ever, after loading Ag, the (100) peaks are shifted to higher

2h values, which are attributed to the network shrinkage

(the a0 parameters of SBA-15, Ag/SBA-15(H) and Ag/

SBA-15(F) are 11.55, 10.59 and 9.88 nm, respectively).

AgNO3 can be adsorbed on the EO moiety surfaces to form

a complex with the micelles formed by P123 in aqueous

solution, which possibly resulted in the long hydrophobic

chain shrinkage of P123 [14], giving rise to the network

shrinkage of Ag/SBA-15(H) and Ag/SBA-15(F). On the

other hand, Ag? can form complex with HMTA, which

decreased its complex with P123, as a result, the lattice

contraction of Ag/SBA-15(H) is smaller than Ag/SBA-

15(F). Further, the formation of silver nanoparticles in

SBA-15 is confirmed by high angle X-ray diffraction data

(2h = 35–808) (Fig. 2a). Four intense diffraction peaks,

corresponding to the (111), (200), (220) and (311) lattice

planes of the cubic structure of Ag, confirm the formation

of crystalline silver. According to the scherrer equation, the
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average crystallite size of silver nanoparticles for Ag/SBA-

15(H) and Ag/SBA-15(F) is about 9 and 20 nm, respec-

tively. The broad peak between 15� B 2h B 35�
corresponds to the mesoporous silica. To further prove the

state of silver incorporated into SBA-15, XPS spectra were

taken. It is found that the binding energy of silver 3d5/2

electron is 368.23 and 368.44 eV, respectively. The bind-

ing energy is similar to the value of 368.20 eV for Ag 3d5/2

of bulk silver [21].

It is noteworthy that when formaldehyde was used as

reducing agent, Ag/SBA-15(F) exhibits obvious intense

diffraction peaks typical of metallic silver (Fig. 2a),

implying larger silver crystallites possibly comes from

more violent reduction reaction of formaldehyde. The

violent reduction can also result in agglomeration of silver

nanoparticles. Whereas, when HMTA was used as reducing

agent, silver ions probably existed as amine complex,

which was more stable than free silver ions, therefore, the

reduction of such silver complex by in situ generating

formaldehyde should be slow, giving rise to more fine and

uniform silver crystallites (relatively weak diffraction

peaks), as demonstrated by XRD patterns (Fig. 2a). Inter-

estingly, in present work, Ag nanoparticles were not

formed by thermally decomposing AgNO3 to Ag under

calcination condition (550 �C), but reduced by in situ

reaction during crystallized procedure (100 �C for 48 h),

that can be confirmed by XRD patterns of the as-synthe-

sized Ag/SBA-15 samples without calcination (Fig. 2b).

Figure 2b also shows that Ag nanoparticles reduced by

formaldehyde possesses more intense diffraction peaks,

implying that large silver crystallites result from not high

calcination temperature [7], but violent reduction condition

of formaldehyde.

As shown in Fig. 3, the TEM images of Ag/SBA-15(H)

and Ag/SBA-15(F) show hexagonal arrays of mesoporous

channels. A homogeneous dispersion of Ag nanoparticles

inside Ag/SBA-15(H) channels can be clearly observed

(Fig. 3a). In contrast, the larger agglomerations of Ag

nanoparticles exist outside Ag/SBA-15(F) channels as

illustrated by obviously dark areas (the bright areas cor-

responding to the silica walls), as shown in Fig. 3b. One

can also observe only a few Ag nanoparticles exist inside

Ag/SBA-15(F) channels. The Ag nanoparticles in Ag/SBA-

15(H) exhibit a relatively narrow size distribution (average

6 nm). The smaller and uniform nanoparticles existed in

Ag/SBA-15(H) were probably due to the size confinement

effect of SBA-15 pore channels (average 7 nm calculated

by the BJH method) and the low nucleation rate which

were slowed down to agglomeration because of the slow

reduction by in situ generating formaldehyde from HMTA.

Broadening of the nanoparticle size distribution for Ag/

SBA-15(F) (4–23 nm) may be the consequence of

agglomeration. The new silver nucleus were fast formed

due to violent reduction by formaldehyde, as a result, silver

nanoparticles had a good chance to aggregate. The present

results demonstrate that more homogeneous dispersion of

Ag nanoparticles (average 6 nm) can be achieved, when

prepared by more mild and slow reduction with in situ

generating formaldehyde from HMTA.
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Fig. 1 Small angle XRD patterns of pristine SBA-15 and Ag/SBA-15
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Fig. 2 XRD patterns at high angle of a calcined Ag/SBA-15 and

b as-synthesized Ag/SBA-15
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As shown in Fig. 4, SBA-15, Ag/SBA-15(H) and

Ag/SBA-15(F) exhibit similar N2 adsorption/desorption

isotherms of type IV with a H1 hystersis loops following

the IUPAC classification [22]. The profiles are a charac-

teristic of mesoporous materials having cylindrical

channels. Three well-distinguished regions of the adsorp-

tion isotherms (Fig. 4) are obvious: (1) monolayer

multilayer adsorption (P/P0 = 0–0.5); (2) capillary con-

densation (P/P0 = 0.5–0.8) and (3) multilayer adsorption

on the outer surface (P/P0 = 0.8–1.0). A sharp inflection in

the relative pressure (P/P0) between 0.5 and 0.8 corre-

sponds to capillary condensation within uniform

mesopores, and is a function of the pore diameter. The

uniform pore size distribution is demonstrated by the

sharpness of this step and displayed in the insets of

Fig. 4a–c. The surface areas of Ag/SBA-15(H) (525 m2/g)

and Ag/SBA-15(F) (220 m2/g) are lower than SBA-15

(773 m2/g), which can be attributed to the agglomeration of

Ag nanoparticles, that partly block the pore space of

mesoporous channels [23]. It is important to note that

surface area of Ag/SBA-15(F) is sufficiently decreased,

Fig. 3 TEM images of the calcined a Ag/SBA-15(H) and b Ag/SBA-

15(F). The bright areas correspond to the silica walls and the dark
areas to the Ag nanoparticles
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demonstrating more obvious agglomeration of Ag nano-

particles in Ag/SBA-15(F) envelop its pore space.

Both Ag/SBA-15(H) and Ag/SBA-15(F) catalysts

exhibit different catalytic behavior in CO oxidation, as

shown in Fig. 5a which shows the conversion of CO over

Ag/SBA-15 catalysts as a function of the reaction tem-

perature. Conversion of CO for Ag/SBA-15(F) catalyst

maintains at a very low level over temperature range of 25–

150 �C, implying it is catalytically inactive for the CO

oxidation until 150 �C, although several studies indicated

that CO can be oxidized over silver even below room

temperature [24]. However, CO can be oxidized over

Ag/SBA-15(H) catalyst even at slightly above room tem-

perature (CO conversion of 8% at 40 �C, 16% at 75 �C and

23% at 150 �C), showing conversion increases with an

increase of reaction temperature. The reason for this ini-

tially catalytic activity is probably ascribed to more

homogeneous dispersion of Ag nanoparticles in SBA-15 as

shown in TEM image (Fig. 3a). Interestingly, the CO

conversion curve of Ag/SBA-15(H) exhibits two conver-

sion steps. The first, the CO conversion between 25 and

125 �C, is probably ascribed to the catalysis of the Ag

nanoparticles outside channels. The second step, at a high

relative temperature (125–200 �C), possibly corresponds to

catalysis of the Ag nanoparticles inside channels. As for

Ag/SBA-15(F) system, inactivity can possibly result from

the agglomeration of Ag nanoparticles (maximum size of

23 nm). It is also worth mentioning that the agglomeration

of Ag nanoparticles significantly decreases BET surface

area, giving rise to lessen of oxygen adsorption, and as a

result, decreases catalytic activity. Ag/SBA-15(H) shows

lower temperature catalytic performance, becoming active

at slightly above room temperature and reaching full con-

version at 230 �C. Whereas, Ag/SBA-15(F) becomes

active until 150 �C, and achieves a 100% CO conversion

over 270 �C. Although the amount of Ag loaded in

Ag/SBA-15(H) (5.28 wt%) is almost the same as Ag/SBA-

15(F) (5.16 wt%), Ag/SBA-15(H) catalyst, consisting of

more uniform and smaller Ag nanoparticles (average

6 nm), shows more excellent catalytic performance for CO

oxidation [25]. The catalytic stability of Ag/SBA-15(H)

catalyst was measured. When the reactor temperature was

maintained at 150 �C for 3 h, and then up to 240 �C

(heating rate 5 �C/min) and maintained at 240 �C for

another 3 h, the catalytic activity was maintained over 6 h

testing period for two different temperatures (Fig. 5b).

These results demonstrate Ag/SBA-15(H) catalyst pos-

sesses very highly catalytic stability.

The observed Ag nanoparticle size—catalytic activity

relation in the CO oxidation may attribute to the fine and

non-aggregated Ag nanoparticles that are more chemically

active. Further, investigations are required to reveal the

influence of the Ag loading amounts on the catalytic

performance of Ag/mesoporous silicas prepared by HMTA,

which are undergoing in our laboratory. Also, some organic

reaction catalyzed by such Ag/mesoporous silicas will be

undergone in our laboratory.

4 Conclusions

We have successfully prepared Ag/SBA-15(H) catalyst via

in situ reduction method with mild and efficient reducing

agent HMTA, whereas, in situ reduction with formalde-

hyde leads to the agglomeration of Ag nanoparticles.

Utilizing the HMTA as reducing agent, Ag nanoparticles of

*6 nm coincident with channel diameter of SBA-15 were

formed and confirmed by TEM. This may be due to low

nucleation rate and the size confinement of pore channels.

These catalysts behave differently in CO oxidation.

Ag/SBA-15(H) catalyst shows a certain low temperature

catalytic activity, which results from its uniform and small

Ag nanoparticles. Study also reveals strong influence of the

reducing agent on the performance of catalysts in the CO

oxidation.
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